Introduction
The use of diesel in light duty vehicles has attracted substantial attention in the UK recently. In an attempt to combat the adverse effects of climate change, various incentives were put forward in the UK during mid 1990s in order to reduce carbon emissions from the personal road transport sector.
The quickest response to these incentives was a switch to diesel engines, which were more fuel and carbon efficient than similar petrol engines. Nearly two decades into these incentives, diesel cars and light goods vehicles (LGV) now have a larger market share in new vehicle sales in the UK.
However, the resulting increases in NO x 1 means that many UK cities now exceed the ambient NO x standards. On the other hand, road freight transport -which is also dominated by diesel engineshas steadily increased its share of total road transport energy consumption (and carbon emissions) from 28.8% to 35.6% between 1970 and 2014. Since electrification is unlikely to be viable for decarbonising the heavy duty freight sector, liquid fuel are likely to remain in the fuel mix for a longer time. These two trends of dieselization of light duty fleet and increasing share of road freight in transport energy consumption is also observed in most European countries. These factors have led to a renewed interest in energy and, especially, diesel demand in the transport sector.
Energy demand for personal transport is one of the most widely researched area in energy economics because of the crucial role that energy plays in an economy. Elasticity for fuel demand, defined as the ratio of changes in fuel demand with respect to changes in price or income is an important parameter for policymakers. Income elasticities are especially useful to determine the future growth or slowdown in fuel consumption in response to rising income (GDP). On the other hand price elasticities are useful to understand the effects of carbon taxes, fuel taxes or such fiscal policies on consumption.
Traditionally, petrol or gasoline spark ignition engine was the dominant engine technology for personal vehicles, and as such studies on petrol demand abounds. In comparison, literature on demand for diesel, which had primarily been used for heavier duty freight vehicles, is much smaller.
More importantly, the distinction between passenger vehicles and freight vehicles on the basis of petrol or diesel engines has been blurred in most European countries as a result of diesel's growing market share during the past two decades (Bonilla 2009 ). Since the two fuels no longer exclusively cover a specific activity (personal vs. freight travel), modelling total petrol or total diesel consumption has lost some of its previous usefulness in policy discussions. For example, transport and city planners may need to know the effect of taxation on diesel fuel on heavy-duty truck travel, but elasticities may be available only for total transport diesel, which would include cars and light commercial vehicles. Similarly petrol demand no longer represent fuel demand by all private cars, since a large share of private cars in Europe currently runs on diesel. As such, policymakers may be interested in knowing separate responses for fuel demand elasticities for freight and personal travel for these two major fuel types. However, there is a serious lack of understanding of the response of different vehicle sectors to fuel price or income changes, with only one credible study by Winebrake et al. (2015a) , which is for articulated trucks in the US. Separate diesel demand models for light and heavy goods vehicles and rigid trucks or articulated trucks within the heavy duty fleet is not available in any study.
The dieselization of the UK and European light duty (cars and LGVs) vehicle fleet poses another methodological problem. The transition to diesel was primarily a result of innovations in diesel technology, rather than a response to price and income changes. This means that in any study, where this transition is not explicitly modelled, the income and price elasticities would be biased.
Given nearly all recent studies on petrol or diesel demand use time-series data, which includes data during the last two decades, there is a possibility that the elasticity estimates in European countries, including the UK, were wrongly estimated. 2 Indeed, Dahl (2012) -in her extensive review of diesel demand studies -noted that income elasticity of diesel in Europe during 1990-2007 was 1.79, which was much higher than most other countries, clearly indicating the bias in the published elasticity estimates. Similarly, petrol demand has been falling in the UK and European countries since the late 1990s, which could also bias the price and income elasticity of petrol demand if the transition from petrol to diesel engines is not controlled for. Therefore there is a clear need for a method to derive demand elasticity after controlling for the fuel transition observed in most European countries.
Following this background, we make novel contribution to the literature in diesel demand by addressing these limitations in this research. Firstly, we model diesel demand for different types of road freight vehicles so that implications of price or income changes on diesel consumption in each of these vehicle fleet can be understood. To our knowledge, this is the first study -globally-to model price and income elasticities of diesel demand for light and heavy goods vehicles as well as rigid trucks and articulated trucks within the heavy duty fleet. Secondly, we make novel contributions to the modelling strategy in order to control for the transition of the fleet from predominantly petrol to predominantly diesel to correct the bias in the elasticity estimates in diesel demand that has afflicted the previous studies, especially in European countries. Thirdly, although the methodological control for fuel transition is applied for diesel in LGV fleet in this study, the method can be applied for petrol or diesel demand in cars too, which makes our methods more widely applicable.
The paper is laid out as follows. Section 2 reviews the literature with a focus on diesel demand.
Section 3 describes the data and provides some background on the evolution of diesel fuel demand in the freight sector in the UK. Section 4 describes the detail of the econometric model, while section 5 presents the detailed results for various vehicle segments and discusses the results. Section 6 draws conclusions.
Literature
The literature in diesel demand is much smaller as compared to that in petrol demand. 3 As such the methods used to model diesel demand are also more uniform. information is used in conjunction with timeseries in some of these studies in a panel structure (e.g. -Mareno et al. 2012) , the demand data is still at an aggregate level, be it regional or national. Unlike in petrol demand models, using household level disaggregate data for modelling diesel consumption has not gained much purchase, presumably because of the historic use of diesel in heavy duty freight vehicles.
Gonzales
[ Table 1 here] Dahl (2012) reviewed 34 studies which modelled diesel demand and find that price and income elasticities were -0.16 and near 1 respectively. However, as mentioned earlier, Dahl (2012) find that the income elasticity in European countries were larger -around 1.78, which is an indication of our premise that elasticities could be biased if the petrol to diesel transition is not accounted for. In the UK, Ramli and Graham (2014) This research aims to address this gap through modelling diesel demand in the LGV sector in the UK, which has gone through a similar transition from petrol to diesel.
In terms of modelling diesel demand for different vehicle types, Belhaj (2002) focused on light and heavy duty vehicles in Morocco. However, his finding of zero income elasticity of diesel demand for both the vehicle types is unrealistic. A closer inspection shows that their model includes diesel vehicle stock as a dependent variable, which precludes the possibility that vehicle stock would itself increase as a response to income or GDP increases. Also, the likely high correlation between vehicle stock and income or GDP made the income elasticity statistically insignificant. Recently Winebrake et al. (2015a) studied articulated trucks in the US and find that diesel price elasticity changed from -0.36 during pre-deregulation era to nearly zero now. This model does not have income or GDP as an explanatory factor, so income elasticity is not available. Therefore, there is still a lack of a study that generates price and income elasticities of diesel demand for different types of freight vehicles. As such, the second objective of this study is to separately model diesel demand for LGVs and HGVs in the UK, and also to model the price and income elasticities for rigid and articulated trucks within the HGV sector.
Data
The diesel demand data comes from the Transport Data Tables Although, both the passenger cars and LGV segment were dominated by petrol engines earlier, the HGV segment (articulated and rigid trucks) was always almost entirely diesel fleet due to the suitability of diesel engines to carry heavy loads.
[ Fig If cointegration does not hold with non-stationary data, it could be necessary to perform the regression with differenced variables, which would make the variables stationary as long as the original variables were integrated of order one. Given our timeseries data indeed contain the price hikes of the 1970s it is highly likely that the variables may not cointegrate. 5 In such a case, the estimating equation in the differenced form will be:
Independently, Eq. 2 defines the relationship between changes in diesel consumption and changes in the explanatory factors. Lags of the differenced dependent variable and independent variables can also be included, if necessary, and often an autoregressive formulation suffices:
where k is chosen such that the errors are serially uncorrelated, normally distributed and white noise. This differenced formulation is similar to the recent work of Winebrake et al. (2015a Specific formulations for different vehicle types are discussed below.
HGV
As Fig. 2 shows, diesel engines were the dominant engine type for HGVs even at the start of the timeseries. However, over the last 40 years, the nature of heavy goods transport have changed substantially. In the seventies, bulk energy goods like coal were a substantial part of total tons transported while manufacturing's contribution to the UK economy was around 36%, which has fallen to around 10% at the end of our observation period (Fig. 4) . Service sector has grown rapidly, while the supply chain and logistics have changed substantially with spatial consolidation, just-intime delivery etc (McKinnon 1989) affecting freight activity pattern and fuel consumption. All of these changes were gradual and it is difficult to identify one specific point in time as the start of the change.
In addition to the gradual changes, specific events such as changes in regulation can also affect the activities in the HGV sector and thus fuel demand. These external regulatory changes include the permission of 38 tonne lorries on UK roads in 1983, deregulation of international road haulage in the European Union and opening of the channel tunnel in 1993, revival of rail as a competitive freight mode due to rail deregulation in 1997 (McKinnon 1989 (McKinnon , 2007 .
GDP is a better measure to explain freight activity in a country as opposed to disposable income.
Therefore GDP is used to explain diesel demand in the HGVs. We include logarithm of the share of manufacturing in GDP in order to control for the changing structure of economy and its effects on heavy goods transport. The policy induced changes in 1983, 1993 and 1997 can be modelled in two different ways. One way is to add dummy variables to separate pre-and post-events effects. For example, in order to understand the effects of larger lorries on increasing road freight competitiveness and diesel consumption, the corresponding dummy variable shall have values of 1 for post 1983 years and 0 for pre 1983 years in the differenced model specification (Eqs. 2-3). In essence it translates into a time trend starting in 1983 for the model specification with the variables in level (i.e. Eq. 1). The other option is to use an interaction between the dummy variable and GDP in Eq. 1. This approach assumes that the relationship between diesel demand and GDP has changed since 1983, which possibly is a better approach to model the 'decoupling' of diesel demand for HGVs with national GDP, as discussed by McKinnon (2007) and Sorrell et al.(2012) . During the model selection phase we test both these approaches for HGVs. Given the collinearity of these policy dummy or dummy-GDP interactions with other explanatory factors, statistical tests are used to include or exclude them from the final model. The explanatory factors remain the same for separate estimation of diesel demand for articulated and rigid trucks, too.
LGV
The LGV sector is different from the HGVs because of the co-existence of both petrol and diesel engines in this segment. Around 14% of energy consumed in the LGV fleet in 1970 was diesel, while in 2013 the diesel share rose to 95% (Fig. 3) . At the same time, total LGV fuel demand increased by about two-folds, which means diesel consumption in the LGV fleet increased nearly 18 times. Clearly all of this increase in diesel consumption cannot be attributed to a GDP or fuel price effect, and technology had a major role to play in the transition from petrol to diesel in the LGV sector. For example, the LGV diesel consumption showed a clear deviation from previous trend in late 1980s, with no apparent policy push, and this was likely due to the introduction of turbo diesel engines which allowed the smaller segment of LGVs to switch from petrol to diesel, too.
While it is possible to model diesel demand in LGVs using the basic modelling framework in Eq. 1 (if cointegration holds) or Eqs. 2-3 (if there is no cointegration), this would likely bias the income elasticities upward, as the rapid growth in diesel demand since late eighties was primarily a result of technology substitution, rather than a purely income effect. It is therefore important to control for this transition, which we approach in two ways. Our first approach is to use a dynamic autoregressive model, where the lagged value(s) of the dependent variable also enters as an explanatory factor: this implies inertia in the changes in consumption. A time trend is also included from 1988 in Eq. 1, which becomes a binary variable with a value of unity for post 1988 years in Eqs.
2-3.
The second approach to modelling the transition is to use further time variables. In this approach, a time trend from 1988, as just mentioned above, is included. This, however, ignores the issue of self selection and its effect on diesel consumption. Since diesel engines are more expensive but are cheaper to run because of their higher fuel efficiency, LGVs that accrue a high mileage and high fuel consumption are expected to reach the breakeven point quicker and thus are likely to switch from petrol to diesel earlier. This would mean that at a later stage, even the same number of transition from petrol to diesel would possibly result in proportionally lower increase in diesel consumption as the later vehicles would most likely have had a lower mileage. We model this potential effect of selfselection on diesel consumption by adding a quadratic time trend in the model specification. 6 The quadratic term also captures the effects of better fuel economy of the vehicles over time and potential slowing down of the switch from petrol to diesel.
We also test the effects of including the share of service sector to the GDP (SVC) as an explanatory factor, in order to control for the changes in the structure of the economy, as we did earlier for
HGVs. Similarly, the inclusion of the ratio of petrol to diesel prices (RAT), which could have an effect on the rate of transition from petrol to diesel, is also tested.
Results and Discussions

Stationarity, non-stationarity and cointegration
The first step in estimating models with timeseries data is pre-testing the continuous variables for their stationarity properties. Dickey Fuller augmented unit root test shows that lnDIS, lnGDP, lnINC, lnDPR, lnMAN, lnSVC, are all non-stationary. The first differences of these variables are all stationary, indicating the variables are integrated to order one ( Table 2 ). The residuals from the OLS estimation between diesel consumption per capita, GDP per capita and diesel price (all in logarithms) can be tested for the absence of a unit root in order to establish cointegration between these variables. However, preliminary tests showed that there exist no long-run relationship among these three variables, either for HGVs or LGVs (Table 2 ). This is not surprising given our temporal dataset includes several factors such as the oil price hikes, introduction of turbo diesel engines to the fleet, changes in government policies, structure of the economy and supply chain and logistics practices which could have affected the long-run relationship. Given the non-stationarity of the variables in level and the lack of cointegration, the rest of the section discusses the results of the differenced models only.
[ Table 2 here] Given the high correlation between dummies in 1993 and 1997, only one of them could be included in the final models. The 1993 dummy or interaction produced better model fits, so in our final models this dummy captures the effects of both the opening of channel tunnel and liberalization to allow European freight hauliers in 1993 and deregulation of the rail sector in 1997.
HGV
The income elasticity of diesel consumption for HGVs ranges from 0.8 to 0.94 -statistically significant at 99% confidence level for both models. Price elasticity lies between 0.12 and 0.15 (negative).
However, price elasticities are statistically insignificant at a typical 95% confidence level, but they are significant at 90%, making a strong inference difficult. Winebrake et al. (2015a Winebrake et al. ( , 2015b clearly found fuel demand from articulated trucks and travel activity of rigid trucks in the USA to be statistically not different from zero, yet we believe rail has emerged as a reasonable substitute to HGVs in the UK, making HGV activities and thus fuel consumption somewhat responsive to fuel costs.
Model H2 shows that the relationship between GDP and diesel consumption in the HGVs may have changed around 1983, but the opening of channel tunnel, competition from the European hauliers and deregulation of rail did not have any statistically significant effect on the relationship between GDP and diesel consumption. Although both the models pass all diagnostic tests, Model H1 perform substantially better than Model H2 in terms of Adjusted R 2 , AIC or BIC.
Model H1 shows that since 1983 diesel demand started increasing more than its typical GDP-price relationship would suggest. The lorry weight limits were increased from 32 tonnes to 38 tonnes in 1983. Although a positive estimate for the 1983 dummy might appear counter-intuitive since fuel consumption per ton-mile actually decreases in heavier lorries, the lower costs may have made freight transport by road more attractive and brought about a larger demand for road freight transport which more than compensated any fuel gains per vehicle. It is also likely that the dummy variable for 1983 represents the effects of several developments around that time which spurred a growth in the HGV sector and thus fuel consumption in this sector.
The dummy for 1993 has a negative value. This indicates that the combined effects of opening of the channel tunnel, entry of European freighters to UK market and increased competition from rail since its deregulation had a negative effect on diesel consumption in HGVs. The opening of channel tunnel in 1993 and deregulation of British Rail in 1997 improved the attractiveness of rail as a freight mode for both domestic and international freight haulage and it is expected that their effects would be negative on the road freight activities and thus diesel consumption in the HGVs. Although the European Union wide deregulation in international road haulage was expected to lower freight rates, UK road freight sector had already been deregulated for around 20 years and thus was possibly already competitive with European haulers. Nonetheless, continental freighters increased their share of ton-miles in UK market in recent years, yet that was possibly not large enough to overcome the effects of increase in rail's modal share from 1993, resulting in a negative parameter estimate for this dummy variable.
Rigid and Articulated Trucks
We are also interested in comparing the responses of rigid and articulated trucks within the HGV sector. Therefore, we run our HGV Model H1 for both these vehicle types. The parameter estimates for these models are presented in Table 4 . All the explanatory factors are the same as before, with the addition of a dummy for year 1989 in order to account for a large outlier in the residuals. As before, both of these models pass the autocorrelation, ARCH, normality and white noise tests for errors.
[ Table 4 here]
These estimates show that diesel consumption in articulated trucks had a larger income elasticity as compared to rigid trucks. Freight activities (vehicle-miles or tonne-mile) in articulate trucks grew more rapidly than rigid trucks during the last three decades, so this result is hardly surprising. Diesel consumption in rigid trucks are also positively influenced by an increase in the share of manufacturing in GDP. For articulated trucks, this parameter estimate is similar, but significant only at 85% confidence level. As such a strong inference cannot be made, but it is more likely than not that manufacturing share of GDP has an influence on freight activity and fuel consumption in articulated trucks, too. The effects of the two dummies representing external changes affecting the trends in 1983 and 1993 are similar to the previous results for HGVs: relaxation of weight restrictions of 1983 increased diesel consumption in both rigid and articulated trucks, while the combined effects of the opening of channel tunnel and deregulation of UK rail and EU-wide road freight sector was a reduction in diesel consumption in both truck types. Although the relaxation of weight restrictions did not affect the rigid trucks directly, our results indicate that the policy possibly brought about a wider-ranging modal switch to road sector, which benefited the rigid trucks as well, increasing diesel consumption in this sector, too.
The price elasticity estimates are different for rigid and articulated trucks, though. Diesel consumption in rigid trucks have a price elasticity of -0.15, which is small but statistically significant at 95% confidence level. For articulated trucks, price elasticity has the correct sign, but is clearly statistically not different from zero. While this explains our somewhat weak inference for price elasticity for the entire HGV sector above (i.e. statistically significant at 90%, but not significant at 95%), the econometric model cannot explain why the price elasticities are different. In Table 5 we presents the share of fuel costs in total operating costs of different types of rigid and articulated trucks. It is clear that fuel is a larger share of operating costs for articulated trucks, which should have made the articulated trucks more cost sensitive. However, Table 5 also reveals that the rigid truck sector shows a large variation (6.9p-31.6p) in per-ton mile transport costs, while for articulated trucks and heavier rigid trucks the range is much narrower, between 4.1p-6.9p/ton-mile. This indicates that the potential for substitution within or away from articulated trucks is likely much limited when fuel price changes. Given the large share of fuel costs, articulated trucks often are the most fuel-efficient ones (on a per ton-mile basis), limiting opportunities to improve fuel consumption through fleet renewal in response to higher prices. These factors likely make articulated trucks less responsive to fuel price changes.
[ Table 5 here] Table 6 presents the parameter estimates for the two models for diesel consumption in the LGVs.
LGV
Model L1 is the autoregressive one, where the lagged dependent variable is included as a regressor, while Model L2 uses a quadratic trend to control for the transition from petrol to diesel engines in the LGV sector. Tests for inclusion of a variable to control for the growth of the service sector in UK economy (SVC) were rejected for both the models by likelihood ratio test. Similarly, ratio of petrol to diesel prices (RAT) were also excluded from both the final specifications. Also, an outlier for 1989 was accounted for by adding a dummy variable for that specific year only.
[ Table 6 here]
Income elasticities for diesel demand in LGVs range from 0.83 to 0.95, which is quite similar to those of HGVs. There was a clear trend of increased consumption from 1988 as evidenced by the statistically significant positive parameter estimates for TIME in both models. As mentioned earlier, this is likely due to the introduction of better diesel engine technologies. Model L1 shows that the changes in diesel consumption in previous period has statistically significant effect on the changes in consumption in the current period, thus somewhat capturing the inertia and petrol to diesel transition effects. The negative parameter on the quadratic time variable ( TIME SQ) indeed confirms that diesel consumption growth rate had slowed down in recent years. This represents the combined effect of self selection (i.e.
LGVs that were converted later usually runs less), improved fuel economy and a slower rate of switch from petrol to diesel. A comparison of Adjusted R 2 , AIC and BIC statistics reveals that Model L2 fits the data better than Model L1.
The price elasticities of diesel demand in LGVs are statistically insignificant in both models. This finding requires some explanation.
LGVs are defined as goods vehicles with a gross weight less than LGVs have the lowest share of fuel costs in its operating costs among all freight vehicles, potentially making it less sensitive to fuel prices. In addition, opportunities for substituting the tasks or services between different types of LGVs is also limited. All of these factors suggest that it is indeed possible for price elasticity of diesel to be near zero in the LGV sector.
In order to compare our results with a model that does not control for the growth in diesel LGVs, we run a third model, Model L3, which is nested in Model L2 and does not contain the linear or quadratic time trend. An appropriate specification which passes all the statistical tests was difficult, so we use robust standard errors for inference. The income elasticity for this model is 1.78, which is substantially higher than the original income elasticity 0.83, and the price elasticity becomes unexpectedly positive and significant, supporting our premise that the parameters can be biased if the transition from petrol is not controlled for, as was the case for petrol and diesel demand models in many previous studies in Europe.
Conclusions
In this paper we set out to determine the elasticities of diesel demand in the UK for different freight vehicle sectors. We find that diesel demand in both LGVs and HGVs has an income elasticity near 0.8.
-which falls right at the demarcation boundary between weak decoupling and expansive coupling (Tapio 2005) . The income elasticity is slightly lower in rigid trucks, around 0.56, indicating a weak decoupling effect while for articulated trucks its nearly twice as much. This reflects the rapid growth in articulated truck activities within the of heavy duty freight sector. Diesel demand in the road freight sector responds less to the explanatory factors since 1993, indicating some form of decoupling, most likely due to an increased competition from rail after the opening of the channel tunnel and rail deregulation.
One of the initial premise of this work was that the income elasticities and other parameter estimates could be biased if the rapid petrol to diesel switch, observed in many European countries in the car and LGV sector in the past two decades, is not controlled for in a demand model. For the
LGV sector in the UK, we do find evidence that income elasticity in an uncontrolled model can be nearly twice as high as in the correct model, and this finding is likely to hold in other European countries, too. Although we do not focus on cars in this study, similar bias is expected for income elasticity of petrol and diesel demand for cars in most European countries and other countries which experienced such a transition from petrol to diesel.
Diesel consumption in freight vehicles overall is quite inelastic. Diesel demand in articulated trucks and
LGVs do not respond to changes in diesel prices at all, which indicates the lack of substitutes available in these sectors. Demand in rigid trucks does decrease due to fuel price increases, but the response is still inelastic and small -around 0.15. These findings agree with Dahl's (2012) summary of diesel demands studies or recent work of Winebrake et al. (2015) in the US.
The findings have some important policy and research implications. First, the existing elasticities in literature should not be used for long term forecasting of petrol and diesel demand in those European or other countries, where such a fuel transition took place as the diesel forecasts will most likely be overestimated. Second, in future studies on fuel demand, especially in Europe, the switch from petrol to diesel must be included to uncover true elasticities -for either of petrol or diesel.
Third, although there is some weak evidence of potential decoupling since mid-1990s, fuel consumption in the HGV and LGV sector still responds quite strongly to changes in the GDP or economic activities. Finally, since price elasticities are near-zero, pricing may not be an effective way to control fuel consumption and carbon emission in the freight sector and other policy alternatives need to be investigated. Fig. 1 Energy consumption in the transport sector in the UK 
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